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Abstract
On-line measurement for dielectric loss angle can effectively monitor the insulation condition of capacitive 
equipment in power system. Synthetic relative measuring method not only markedly overcomes the shortcomings of 
traditional absolute measuring method but also greatly improves the accuracy of dielectric loss angle measurement. 
However, the papers nowadays only focus on the application of synthetic relative measuring method based on two or 
three pieces of capacitive equipment, which does not have the characteristic of generality. In the paper, the principle 
of synthetic relative measuring method is given. The example of application for synthetic relative method based on 
three and four pieces of capacitive equipment run in the same phase is taken to present the failure judgment matrices 
for N pieces of equipment. According to these matrices, the fault condition of N pieces of capacitive equipment can 
be watched, which is more general. Finally some problems needing attention and two diagnostic methods used in 
diagnostic system are put forward in the paper to guide the application of synthetic relative measuring method on 
local.
Keywords: Capacitive equipment; Dielectric loss angle; On-line monitoring; Synthetic relative measuring method; Failure 
judgment matrix
1. Introduction
Capacitive equipment which is widely installed in power system mainly contains capacitive current 
transformer (CT), potential transformer (PT), bushing and so on. The safe and reliable operation of the 
capacitive equipment is the foundation for the steady operation of whole power system [1], [2]. Hence, 
the insulation condition of the capacitive equipment must be monitored timely and effectively, which will 
be a great of importance.
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Dielectric loss angle is a characteristic quantity that can be mainly measured to reflect the loss level of 
insulating medium. The overall or large concentric local defect existed in power electrical equipment 
insulation system can be detected by measuring dielectric loss angle [3], [4]. 
The measurement of dielectric loss angle can be divided into two parts: lateral measuring method and 
vertical measuring method. In lateral measuring method, dielectric loss angle of capacitive equipment is 
measured based on PT secondary voltage, and the value of dielectric loss angle can be calculated by 
measuring the phase difference between PT secondary voltage and the leakage current flowing through 
the capacitive equipment [5]. Insulation of the capacitive equipment can be judged according to the 
measured dielectric loss angle of the same capacitive equipment at different time. However the method 
can be easily affected by angle difference at PT secondary side and some environmental factors [6].
Vertical measuring method is also named as synthetic relative measuring method. The method is 
implemented by sampling the leakage current of comparative capacitive equipment that run in the same 
phase directly without referring the PT secondary voltage angle and a group of relative dielectric loss 
angle can be got. According to the trend of all measured relative dielectric loss angle, insulation of 
capacitive equipment can be watched and defect that exists in the equipment can be detected [7], [8].
A general diagnostic rule for N pieces of capacitive equipment run in same phase is established in the 
paper making the principle become more general. Some problems that need to be paid attention on local 
are introduced and corresponding diagnostic methods such as threshold diagnosis method and fuzzy 
diagnostic method are presented which laid solid foundation for the application of the principle on local.  
2. The Basic Principle of Synthetic Relative Measuring Method
Assuming that two of N pieces capacitive equipment installed in same phase is taken into account and 
providing that Gi and Gk represent the dielectric loss angle of capacitive equipment numbered as i and k
respectively, Gik can be viewed as the difference between Gi and Gk. Specifically, Gik=̮Gi-Gk̮§̮tanGi-
tanGk̮=tanGik (1 d i, k N and LN).
When the two pieces of capacitive equipment is in good condition, we can find that Gik and tanGik are 
very small constant. When the value of them fluctuates largely, at least one piece of equipment can be 
confirmed to be in fault condition. Specifically, if Gij (j=1, 2…N and ij) changes significantly whereas Gkj
(j=1, 2…N and jN) keeps unchanged, we can learn that the equipment numbered as i exists insulation 
defects. If Gij and Gkj (j=1, 2…N and ijN) fluctuate greatly at the same time, whereas other 2 - 2 -3NC N˄ ˅
relative dielectric loss angle keep steady, the insulation problems of both equipment numbered as i and k
can be diagnosed.
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Fig. 1.  Phasor diagram of synthetic relative measuring method
Generally speaking, the synthetic relative measuring method is used to calculate relative dielectric loss 
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angle by measuring the angle difference between the leakage currents flowing through capacitive 
equipment in same phase and according to the change regularity of these obtained values, the diagnostic 
rule for fault equipment can be found. The phasor principle diagram of synthetic relative measuring 
method is shown in Fig. 1.
Compared with lateral measuring method, synthetic relative measuring method has some following 
advantages:
(1) The synthetic relative measuring method is used according to the leakage current that flows through 
different capacitive equipment installed in the same phase without considering the reference voltage 
obtained from the secondary side of PT. Thus, the angle difference caused at PT secondary side can be 
avoided and the measuring accurate may be improved.
(2) On local, some capacitive equipment run in the same phase is under the similar electromagnetic 
environment, the synthetic relative measuring method is utilized to eliminate the negative electromagnetic 
effect exerted upon the leakage current that flows through the measured equipment.
The measuring principle of synthetic relative measuring method is presented in Fig. 2.
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Fig.2.  The measuring principle of synthetic relative measuring method
3. The Synthetic Relative Measuring Method Based on N Pieces Capacitive Equipment
The fault condition of N pieces of capacitive equipment can be summarized as i of N pieces of 
capacitive equipment gets fault, in other words, iNC pieces of equipment is in bad insulation condition
(iN).
3.1. Fault Diagnosis for Single Piece of Capacitive Equipment
Taking the diagnosis of three pieces of capacitive equipment for example, we can easily get the 
diagnostic rule in this case, which is shown in Table 1.
Table 1: The fault diagnostic rule for single piece of three pieces of capacitive equipment
Conclusion į12 į13 į23
No.1 Fault Change Change
Unchan
ged
No.2 Fault Change
Unchan
ged
Change
No.3 Fault
Unchan
ged
Change Change
In Table 1, the changed dielectric loss angle can be denoted as “1”, and those unchanged can be 
written as “0”. So a failure judgment matrix can be written as (1).
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12 13 23
3
1 1 0 o.1
1 0 1 .2
0 1 1 .3
N
No
No
G G G
ª º
« » « »
« »¬ ¼
M                                                                                                                   (1)
In (1), row label stands for equipment number; column label represents the relative dielectric loss 
angle between the measured capacitive equipment. It can be found that when G12 and G13 happen to change 
whereas G23 keeps unchanged, No.1 equipment can be seen as insulation fault; if G12 and G23 fluctuate 
whereas G13 maintains unchanged, No.2 equipment can be diagnosed as insulation defect; accordingly, 
when G13 and G23 change, whereas G12 is the same as it was, No.3 equipment can be seen as a problem.
In the same way, failure judgment matrices of four and five pieces of capacitive equipment can be 
established as (2) and (3).
12 13 14 23 24 34
4
1 1 1 0 0 0 No.1
1 0 0 1 1 0 No.2
0 1 0 1 0 1 No.3
0 0 1 0 1 1 No.4
G G G G G G
ª º
« »
« » 
« »
« »
¬ ¼
M                                                                                                           (2)
12 13 14 15 23 24 25 34 35 45
5
1 1 1 1 0 0 0 0 0 0 No.1
1 0 0 0 1 1 1 0 0 0 No.2
0 1 0 0 1 0 0 1 1 0 No.3
0 0 1 0 0 1 0 1 0 1 No.4
0 0 0 1 0 0 1 0 1 1 No.5
G G G G G G G G G G
ª º
« »
« »
« » 
« »
« »
« »¬ ¼
M                                                                                 (3)
From (2) and (3), a synthetic relative measuring failure judgment matrix is presented in (4) used to 
diagnose the insulation condition of any single of N pieces of capacitive equipment run in the same phase.
21 ( 1) 1 ( 1)
( 1) ( 1) 1
N
N C N
N
N N N
u  u  
 u  
ª º
 « »
« »¬ ¼
A B
M
E M
        
(4)
Here, NM is a
2
NN Cu partitioned matrix, where:
> @1 ( 1) 1 ( 1)1 1 1 1N Nu  u  A              
(5)
> @ 22 1 ( 1)1 ( 1) 0 0 0 0 NN C NC N  u  u    B           
(6)
( 1) ( 1)N N u E is an ( 1) ( 1)N N u  identity matrix, and 1N M is failure judgment matrix for any single 
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of N-1 pieces of capacitive equipment.
Finally according to failure judgment matrix NM , insulation condition of any single of N pieces of 
capacitive equipment can be watched.
3.2. The Diagnostic Rule for i Pieces of Capacitive Equipment (2L1-2)
Considering four pieces of capacitive equipment, here gives the diagnostic rule for any two of four 
pieces of the equipment, as shown in Table 2. (As space is limited, the abbreviation “Ch” is introduced to 
substitute for the word “Change” and “Unch” is the abbreviation of “Unchanged”)
Table 2: The fault diagnostic rule for two of four pieces of capacitive equipment
Conclusion
į
12
į
13
į
14
į
23
į
24
į
34
No.1, 2 Fault
C
h
C
h
C
h
C
h
C
h
U
nch
No.1, 3 Fault
C
h
C
h
C
h
C
h
U
nch
C
h
No.1, 4 Fault
C
h
C
h
C
h
U
nch
C
h
C
h
No.2, 3 Fault
C
h
C
h
U
nch
C
h
C
h
C
h
No.2, 4 Fault
C
h
U
nch
C
h
C
h
C
h
C
h
No.3, 4 Fault
U
nch
C
h
C
h
C
h
C
h
C
h
Table 2 is a failure judgment table that sums up diagnostic method for fault condition of any two of 
four pieces of capacitive equipment. Meanwhile a 2 24 4C Cu diagnostic matrix can be got as (7) by 
performing logical add operation between any two rows of (2) for 24C times.
2
4
12 13 14 23 24 34
1 1 1 1 1 0 (1,2)
1 1 1 1 0 1 (1,3)
1 1 1 0 1 1 (1,4)
1 1 0 1 1 1 (2,3)
1 0 1 1 1 1 (2,4)
0 1 1 1 1 1 (3,4)
C
G G G G G G
ª º
« »
« »
« »
 « »
« »
« »
« »
« »¬ ¼
M                                       (7)
In (7), row label (1, 2) stands for the number of two pieces of capacitive equipment that are insulation 
fault, etc. It can be found that (7) is the matrix expression for Table 2.
For N pieces of capacitive equipment, a 2 2N NC Cu matrix 2
NC
M can be found to judge the insulation 
condition of any two of N pieces of the equipment by performing logical add operation between any two 
rows of matrix NM for 
2
NC times. Accordingly, a 
3 2
N NC Cu matrix 3
NC
M can be got through the same 
operation on 2
NC
M for 2NC times. Finally when the same operation is repeated for i-1 times, a 
i 2
N NC Cu
failure judgment matrix can be presented which can be applied to diagnose the insulation condition of i
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(iN-2) pieces of capacitive equipment. The algorithm flow chart of the process can be described in Fig. 
3.
Begin
Write out the diagnostic 
matrix MN(N3) for single 
piece of equipment
Perform the logical add operation 
between any two rows of MN(N3)
and a               matrix can be 
established.
i+2=N ?
Output the diagnostic matrix 
for i pieces of equipment
YES
Output the diagnostic 
matrix for i pieces of 
equipment
NO
i=i+1
End
2
N
i
N CC u
Fig.3.  The algorithm flow chart
The insulation condition and the number of N-2 pieces of equipment that are diagnosed as defect can 
be confirmed accurately in N pieces of equipment and the maximum order of the matrix can reach 
-3 2N
N NC Cu .
3.3. The Diagnostic Rule for N-1 or N Pieces of Capacitive Equipment
When N-1 or N pieces of capacitive equipment gets fault, the diagnosis matrix can be written as (8) 
and the order of the matrix is 21 NCu . 
> @ 2N-1 N 11 1 1 NN N CC C  u  M M                                                                                                          (8)
From (8), we can only find out that at least N-1 of N pieces capacitive equipment is in bad insulation 
condition. As all the measuring dielectric loss angle values (the number is 2NC ) get changed, the exact 
number of fault equipment can not be identified. However the possibility that N or N-1 pieces of 
capacitive equipment installed in same phase and located at same or adjacent area are in bad condition at 
the same time is incredibly small, which can be neglected.
4. Some Problems Needs to be Noticed in Using The Synthetic Relative Measuring Method
In order to make the synthetic relative measuring method more practical on local, same problems need 
to be cared.
(1) All the leakage currents flowing through the measured equipment must be sampled at the same 
time point [9]. It is known that dielectric loss angle is a small value, and the magnitude of relative 
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dielectric loss angle may reach as low as 10-5, so even one microsecond sampling time deviation may be 
able to bring about large measurement error which will possibly reach the magnitude of 10-2. Finally the 
diagnose results could be affected.
(2) It is known that the electromagnetic environment in the different places in the substation is not the 
same. Although the negative electromagnetic effect exerted upon the leakage current flowing through the 
measured equipment can be eliminated by the synthetic relative measuring method, all the measured 
equipment must be located at the area under the similar or identical electromagnetic circumstances, so 
that negative effect can be counteracted to a large extent.
(3) Some new-type sensor can be adapted. Traditional micro-current senor is used to measure and 
monitor mill ampere level leakage current that flows through the capacitive equipment. The micro-current 
sensor can be divided into the active micro-current senor and the negative one [10] and the traditional 
micro-current sensor has some disadvantages such as core saturation, angle deviation at secondary side 
and analogue signal output. However optical current transformer [11-13] can overcome such drawbacks 
owned by traditional sensor and it is stressed that the signal output is digital which can be directly 
accepted by DSP without converting, so that the analog leakage current disturbance during its 
transmission in secondary cable can be eliminated and the accuracy can be improved.
(4) The way that relative dielectric loss angle being calculated should be distinguished. On local, tanį
can also be indirectly obtained by respectively measuring the tanįi and tanįj of the capacitive equipment 
numbered as i and j. However, in order to get a relatively correct diagnosis, tanįi and tanįj must be 
measured at almost the same time [6] (but the time synchronization requirement for indirect measuring 
way is lower).
5. Practical Diagnostic Methods Based on Synthetic Relative Measuring Method
Theoretically, the synthetic relative measuring method is implemented to judge the insulation 
condition of capacitive equipment according to the change state in the failure judgment matrix in which 
“1” means that the value of relative dielectric loss angle happens to change whereas “0” represents that
the value is unchanged. 
However, in the process of actual measurement, because of the electromagnetic influence and sensor 
measurement error, the value of measured dielectric loss angle is not static and it fluctuates in a certain 
range instead. The diagnostic results for the insulation condition of capacitive equipment can not simply 
depend on whether relative dielectric loss angle happens to change or not. In other words, the change of 
relative dielectric loss angle can not always mean that the corresponding measured equipment is in bad 
insulation condition. Consequently, it is necessary to establish a set of mechanism to judge the fault 
condition of capacitive equipment in a more reasonable way. 
5.1. Threshold Diagnostic Method
Threshold diagnostic method [14] is a basic method which is used to judge whether the measured
relative dielectric loss angle exceeds a certain scale and then take this as a standard to assess the 
insulation condition of capacitive equipment. The paper proposes a threshold diagnostic method which is 
suitable for the insulation assessment of capacitive equipment on local. As shown in (9)-(10).
2 2
ijs ijmes ijse eG G G'  d ' d ' ¦ ¦                                                                                                   (9)
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2
ijmes ijs eG G' t '  ¦                                                                                                                         (10)
2
ijmes ijs eG G' d '  ¦                                                                                                                         (11)
There ijsG' is the standard value of relative dielectric loss angle; ijmesG' is the actually measured 
value; e is measurement error caused by all the interference factors including sensor measurement error, 
electromagnetic interference, and measurement error caused by asynchronous sampling. In addition, 
certain margin should be left and the value of it should be set according to different circumstance in 
locale and practical experience.
If (9) is satisfied, the unchanged state of relative dielectric loss angle can be diagnosed by diagnostic 
system and the state is recorded as “0”; if (10) and (11) hold, the relative dielectric can be considered as 
change by the system and “1” is denoted. Finally a group of failure condition judgment matrices can be
established to assess the insulation condition of capacitive equipment.
5.2. Fuzzy Diagnostic Method
Actually, if (9) holds, the insulation fault condition of measured capacitive equipment can not be 
simply diagnosed; if both (10) and (11) establish, the insulation of the equipment does not necessarily in 
excellent condition. The “this and that” fuzzification can be analyzed by fuzzy set theory [14]. First a 
membership function (x)AP (12) should be established. Then the probability that the insulation of 
measured capacitive equipment gets fault can be calculated by submitting ijmesG' into (x)AP . Finally 
according to the value of calculated probability above, corresponding failure judgment matrix can be
written. 
2
2 2
( )
(x)
( ) e
ijmes ijs
A
ijmes ijs
G G
P
G G
'  '
 
' ' ¦
                                                                                                          (12)
The function figure of membership function (x)AP can be shown in Fig. 4.
ǻįijs
ȝ A
(x
)
įijmes
1
0.5
ǻįijs+eǻįijs-eǻįijs-2e ǻįijs+2e
0.8
0
Fig.4.  The function figure of (x)AP
From Fig.4 we can find that when ijsijmesG G'  ' holds, (x) 0AP  . That is to say, the relative dielectric 
loss angle keeps steady, which means that the capacitive equipment is in excellent insulation condition; 
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when 2 2ijs ijmes ijse eG G G'  d ' d ' ¦ ¦ holds ,we can find out 0 (x) 0.5AP d , the probability 
that the equipment gets fault is less than 0.5, so at this time if the probability is more closer to 0.5, the 
relative dielectric loss can be considered change and should be accordingly recorded as “1” in failure 
judgment matrix and meanwhile the diagnostic system can be able to make the alarm; if the calculated 
probability is more closer to 0, the equipment can be viewed in good insulation condition; when 
2
ijmes ijs eG G' t '  ¦ or 
2
ijmes ijs eG G' d '  ¦ holds, (x)AP >0.5, at this time, whether the relative 
dielectric loss angle is considered to be change or not depends on the extent that the calculated probability 
exceeds the threshold . 
6. Conclusion
Voltage signal got from the secondary side of PT can be avoided and some electromagnetic 
interference exerted upon the measured capacitive equipment can be greatly counteracted by the synthetic 
relative measuring method, so the proposed method in the paper is considered to be advantageous than the 
traditional lateral measuring method. The paper proposes a general diagnostic rule based on N pieces 
capacitive equipment that run in the same phase using the synthetic relative measuring method, which 
provides a theoretic foundation for the application of the method. Finally some problems that need to be 
cared in filed are put forward and two diagnostic methods used in diagnostic system are introduced, 
which offers significant directions for the application of the method on local.
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